Terminal deoxynudeotidyl transferase, which requires a single-stranded DNA primer under the usual assay conditions, can be made to accept double-stranded DNA as primer for the addition of either rNMP or dNMP, if Mg + 2 ion is replaced by Co ion. The priming efficiency in the presence of Cb + 2 ion with respect to initial rate tested with 2 single-stranded primer, is 5-6 fold higher than that observed with Mg + 2 ion. In the presence of Co ion, the primer specificity is altered so that all forms of duplex DNA molecules can be labeled at their unique 3'-ends regardless of whether such ends are staggered or even. Thus, using ribonucleotide incorporation, we have for the first time employed this reaction for sequence analysis of duplex DNA fragments generated by restriction endonuclease cleavages. Furthermore, by using Co + 2 ion, it is possible to add a long homopolymer tract of deoxyribonucleotides to the 3'-terminus of double-stranded DNA. Therefore, without prior treatment with A exonuclease to expose the 3' terminus as single-stranded primer, this reaction now permits insertion of homopolymer tails at the 3'-ends of all types of DNA molecules for the purpose of ^n vitro construction of recombinant DNA.
INTRODUCTION
The enzyme terminal deoxynudeotidyl transferase catalyzes polymerization of deoxynucleotide residues at the 3' termini of single-stranded DNA or oligodeoxynucleotides . For catalytic activity, the enzyme requires a free 3'-0H group and a minimum of three nucleotide residues in a singleAbbreviations^: dNTP, deoxynucleoside triphosphate, rNTP, rlbonucleoside triphosphate; p denotes a [ 32 P]phosphate and the phosphodiester linkages are represented by a hyphen. Thus, rN preceded by a hyphen (-rN) indicates ribonucleotide addition. dNp, a deoxynucleoside 3'-phosphate. stranded configuration . The enzyme also catalyzes a limited polymerization of ribonucleotides at the 3'-end of oligodeoxynucleotides . Such ribo-2-5 nucleotide addition has been shown to be useful for primer extension , 3'-end labeling ' and DNA sequence analysis ~ . These applications would be more valuable if the techniques can be employed for terminal labeling and chain extension of duplex DNA molecules or duplex DNA fragments generated by restriction endonucleases. However, double-stranded structure near the 3'-ends inhibits the transferase reaction. The problem is more severe where the 3'-0H terminus is adjacent to a complementary strand with protruding 5'-ends, such as those found in the cohesive ends of XDNA and DNA fragments generated by Eco RI endonuclease digestion. For an efficient homopolymeric extension on EcoRI treated SV40 or Xdvgal DNA for the purpose of in vitro construction of recombinant DNA molecule, it was necessary to digest away the 5' terminal protruding nucleotides with A exonuclease to 12 13 expose the single-stranded region adjacent to the 3'-OH terminus ' We have recently noticed that the priming efficiency of oligodeoxynucleotides is remarkably improved if the reaction mixture contains Co +2 ion instead of Mg ion. Under these conditions, the enzyme catalyzes not only an efficient nucleotide addition to the primer, but also the addition of several ribonucleotides at the 3'-end of oligodeoxynucleotides. The nature of products formed after addition of different ribonucleotides at the 3'-end of (dpT),. The incubation conditions were those described under legend to Table I. presence of Co ion and a 10 fold excess of unlabeled rNTPs, more than 90%
Oligonudeotides and DNA-d(T-T-T-T-T-T) was
of the radioactivity appeared in the ribo-addition products and several (five with rATP) ribonucleotides were added when purine rNTPs were used ( Fig. 2A) . The conversion of primer was much lower with Mg ion and mainly single terminal addition (except with rGTP) was obtained with different rNTPs (Fig. 2B) .
A quantitative analysis of radioactivity in different products is shown in Table 1 . The spots shown in Fig. 2A and 2B were scraped out and counted.
The highest conversion of primer was noticed with rGMP additions, whereby +2 +2 66% and 96% of the primer was utilized in the presence of Mg and Co , +2 respectively. In the presence of Mg , the order of primer utilization pmol of 3'-ended DNA fragments applied to the column, 140 pmol of radioactive DNA fragments was isolated which amounted to a 84% conversion of primer (Fig. 4 B ) . Using [a-P]rCTP or [a-P]rGTP, much higher conversion (close to 100%) of primer is obtained.
Analysis of labeled fragments by gel electrophoresis
When an aliquot of reaction mixture from the rUTP labeling experiment (Fig. 4 ) was subjected to electrophoresis in 1.4% agarose slab gel (Fig.SA) followed by radioautography (Fig. 5B) , it became apparent that all the bands were not labeled with equal intensity. In order to ascertain which bands are more heavily labeled, polyacrylamide gel electrophoresis was per23hr16hr 2hr Fig. 4 were withdrawn at intervals of 2, 16 and 23 hr followed by electrophoresis on 1.4% agarose slab gel containing ethidium bromide and visualized under ultraviolet lights (A), or by radioautography (B). Hind fragments labeled with rCMP were subjected to electrophoresis in 5-10% polyacrylamide gradient gel (C) together with uniformly labeled fragments (D).
-ormed in a different experiment with [ P]rCMP labeled Hind fragments.
For comparison, uniformly labeled Hind fragments were run side by side (Fig. 5D ). In the unfonnly labeled DNA fragments, the radioactivity is proportional to the number of nucleotide residues. In the terminally labeled fragments the radioactivity is expected to be equal in different frag- Fig. 4 . The labeled DNA fragments were fractionated by electrophoresis in 4% polyacrylamide gel, and the bands were visualized by radioautography. To avoid overloading, the same material was applied in several gel slots. With Co + 2 ion, the initial rate of dAMP addition is 10-15 fold and that for +2 dTMP addition is 50-60 fold higher than that observed with Mg ion. Thus, 0 30 TIME(min) 60 Table 2 , all the isolated fragments show the cor- Table 2 .
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